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Abstract 


Conventional manufacturing processes like turning or milling approach their limits 
with regard to technology and economy In turning operations, high cutting speeds are 
limited due to the centrifugal stresses of the clamping chuck. To overcome these 
limitations, the rotation of the tool can he combmed with the rotary motion of the 
workpiece. ‘ Tum-Millmg ' is a relatively new concept m nnanufacturing techno log\, 
wherem both the workpiece and the tool are given a rotary movement simultaneously. 
Tins new technology opens up new ranges of applications in the manufacturing processes. 
Tura-Milling can be classified mto co-axial tura-milling in which the axes of the cutter 
and the workpiece are parallel and orthogonal turn-milling in which the axes are 
perpendicular 

Tlie objective of the present work is to investigate the process of orthogonal tum- 
millmg for the machining of rotationally symmetncal workpieces withm the normally 
available range of speeds and feeds (comparable to those used m tummg) with easily 
available tool materials to explore its advantages Tlie emphasis has been laid mamly on 
the surface finish of the machined surface achieved. The experimental set-up required 
fabrication of the attacliment for orthogonal tura-inillmg to be carried out on a vertical 
milling maclune. Tlie experiments have been conducted for orthogonal tura-milhng of 
brass and mild-steel workpieces to study the surface fuush achieved. The expenments 
have been planned accordmg to the design of experiments to reduce the number of 
experiments and to obtam the regression equations to evaluate the surface roughness of the 
macluned surface for both the workpiece matenals. The experiments on turning have been 
conducted for both the workpiece matenals to make a comparative study of the surface 
fimsh and the chip geometry achieved in case of orthogonal tum-millmg and turning 
processes. 



Tlie experimental results show that in orthogonal turn-milling, the surface finish of 
the machined surface improves with increase in cutter speed and deteriorates with increase 
m axial feed rate. Tlie surface finish achieved by orthogonal turn-milling is about 10 times 
higher than that achieved by turning. Also, the chips produced in orthogonal tum-millmg 
are very small as compared to the chips produced in turning. Hence, orthogonal turn- 
milling can be an alternative to tu rning where high surface finish and easy chip disposal 
are desired. 
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Nomenclature 


Ra, Rz = surface roughness values (jim) 

ri ,r 2 = rotation radii of the cutting edges (mm) 

(|)1,())2 = angles for an mstantaneous relative position of the cutting edge and the 

workpiece (rad) 

CO = angular velocity (rad/mm) 

Vf = feed rate (mm/mm) 

dj = tool diameter (mm) 

dw = workpiece diameter (mm) 

lax = Length of the workpiece (mm) 

If = feed equivalent to the length of the spiral path curve (mm) 
ap = Lead of the spiral path (mm) 

e = eccentricity of the tool-axis from the workpiece-axis (mm) 

xi, X 2 = variables in the regression equation representing cutter speed and axial feed rate 

y = output response quantity m the regression equation representmg Rj-value ot the 

surface roughness 

Nt = rotational speed of the cutter (RPM) 

Nw = rotational speed of the workpiece (RPM) 

f = axial feed rate (mm/min) 
z = number of teeth on the milling cutter 


fe = equivalent feed rate (mm/rev) 



Chapter 1 


Introduction 

Material removal is one of the oldest and major manufacturing processes for the^ 
economic production of elaborately transformed manufactures. In this process, the \ 
component geometry is generated by systematically removing the ej^ss matenal from a 
workpiece by means of a cutting tool which mterferes with, and moves relative to the 
workpiece in a predetermmed and controlled manner. Numerous mgemous, and 
geometncaily complex practical machmmg operations such as turning, milling and shaping 
have been developed to generate a wide spectrum of component shapes and sizes. 

Conventional manufacturing processes, e.g. turning or milling, often approach their 
limits with regard to teclmology and economy. In turmng operations, liigh cutting speeds 
are limited due to the centnfugal stress of the clampmg chuck. In milling, the limitation is \ 
due to the centnfugal forces acting upon the tool Tliese limitations can be overcome if the 
rotation of the workpiece can be combined with the motion of a rotating tool 

Tlie Turn-M illin g’ is a relatively new concept m manufacturing technology, wherem 
bo til, the workpiece and the tool, are given a rotary movement simultaneously. This new 
technology opens up new ranges of applications in the manufacturing processes. In high 
precision cuttmg, surface qualities down to =1 p. as well as dimensional and shape 
tolerances of ‘1X4’ are often required. Normally, these goals can only be achieved by 
gnnding. Recently, efforts have been made to substitute the grinding process with all its 
problematic strains by methods with geometrically defined cutting edges. It has been 
observed that high speed turn-milling is suitable for the precision machining of rotationally 



symmetrical workpieces. Hence, when rotationally symmetrical workpieces are to be 
manufactured, high speed tum-milling can be an alternative to grinding. 

^ With high speed tura-milling, high cutting speeds can be achieved by utUking the 
(two cutting speeds of the tool and the workpiece. Therefore, the advantages of high speed 
machmmg, e g. lugh surface quality, low thermal stress of the cutting edge. low cuttmg 
forces can be aclneved In addition, good chip removal can be achieved due to their short 
length. Tliis results m improved possibilities for automation of the process Hence, Tum- 
Mtllmg’ IS a new prospective teclinology for the production of precise rotationally 
symmetncal workpieces. 

1.1 Literature Review 

Here a brief review is presented of the pioneer works in the field of tum-rmlling. 
some research papers related to seif-propeUed and driven rotary tool cutting processes have 
also been discussed since this can be regarded as the preliminary work towards the 
development of the innovative technology of tum-milliag. 

Shaw, et. aL[l], have discussed a novel lathe-type cutting tool in the form of a disc 
that may be rotated about its central axis. Such a rotary tool is found to correspond to an 
equivalent obhque tool Tlie rotary tool used by the authors has the foUowmg advantages : 

1. It provides a rest penod for the cutting edge, thus enabling the edge to be cooled and the 
adsorbed film on the tool surface to be replenished between cuts, 

2 It enables the relative chip velocity to be increased to provide a lower coefficient of 
friction without necessitating a corresponding increase in the metal removal rate. 

The authors have shown that a rotary tool of 10° rake angle is capable of reducing 
total power required to make a given cut by 30% and at the same time to operate with a 
temperature about 400 °F lower than that for the equivalent stationary tool 



In case of a rotary tool, a particular portion of the cutting edge is in operation for a 
very brief period, which is followed by a much longer rest period during which the thermal 
energy associated with cutting has ample opportunity to be dissipated to the bulk of the 
cutter. In this respect, the rotary tool resembles a multi-toothed tool such as a milling cutter. 
Such rotary tools have been used in botli, positively driven and self-propelled types. Figure 
1 . 1 shows a rotary tool being used for a rough-turning operation 

According to Venuvinod, et. al. [2], the rotary tool takes the form of a frustum of a 
cone. Tlie experiments conducted by them showed that with a proper se[ection of rotary 



Fig. 1.1 : Rotary tool .sliown in u.se in rough turning operation 

.speeds, extraordinary effects on the cutting proce.ss are observed, e.g. reduction of cutting 
forces down to 10% and chip thickness ratios lesser than unity. Tliree di.stinct causes for the 
improvement of the cutting process are. 




1 . the effect of rotary spxied, in the moderate speed range, on the kinematics of chip 
formation, 

2. easing of the friction conditions at the chip-tool interface at very high speed ratios, 

3. reduced thermal effects at chip>-tool interface at very high speed ratios. 

It IS seen that if reduction m temperature and improvement in tool life are desired, 
’self propelled rotary tool’ (SPRT) is a possible solution. If reduction m cutting forces is 
desired, the ’driven rotary tool’ (DRT) may be used. 

Ping CHEN [3] reported that cutting temperature and cutting forces are the two 
dominant parameters that influence finish quality and tool hfe in machining. According to 
studies conducted by him on the self-propelled rotary tool, it has been observed that the 
rotary motion of the cutting edge transfers heat away from the cutting zone resulting in a 
reduced cutting temperature. Cuttmg forces of the rotary tool are also found to be smaller 
than those of the fixed tool. Consequently, reduced cutting temperature and decreased 
cutting forces are found to be the features of the rotary tool 

Armarego, et al. [4], conducted studies on the driven and the self-propelled rotary 
tool cuttmg operations and their relationships to the kmematically and perfectly equivalent 
’classical’ orthogonal and oblique cutting processes were explored. Tlie self-propelled 
obhque rotary tool cutting process was modeled as a perfectly equivalent classical 
orthogonal cuttmg process together with chip transportation. It has been shown that the 
dnven oblique rotary tool cuttmg process is the most efficient rotary tool process. 

Konig, et. aL [5], worked on the means of reducing production tune and costs for 
maclmimg hard matenals Highly stressed steel components are frequently hardened to 
mcrease their strength and wear resistance. 'W’here there are high demands on workpiece 
quahty, le on surface finish and accuracy-to-shape-and-size, the part has to be finished in a 
higlily tempered or hardened state. Hitherto, a grinding process has generally been used to 
finish matenals with hardness values m excess of 60 HRC, but improved knowledge of 
process and the consistent exploitation of modem cutting materials now enable cutting 
processes with a geometrically defined edge to be employed. A-variety of machin i ng tasks 



can be performed with improved surface quality and high accuracy-to-size dispensing with 
the need for finish grinding. Higher machinmg rates as compared to grinding often result in 
a reduction in production times and costs. 

Komg, et al., [6] had conducted studies in the technology of machinmg hardened 
steels with geometrically defined cuttmg edges Despite its high potential to increase the 
productivity as weU as competitiveness, the mdustrial use is still low because the effects of 
hard macluning on surface mtegnty aspects and the attamable accuracies are not weU 
understood. With the development of modem superhard cutting materials with 
geometrically cuttmg edges, an alternative to grinding has been emerged. Substantial 
advantages aclueved by the use of this innovative technology are m terms of more fle.xible, 
lower cost, more environment friendly production as compared with the energy and cost 
intensive grinding process. 

Tlie pioneer work m the field of tum-milling has been carried out in Germany by 
Schulz, et al [7] Tlie experiments have been conducted for the machming of roller bearmg 
races usmg high speed tura-millmg. Tlie study was made for orthogonal as well as coaxial 
tum-milling with the emphasis on surface-fimsh, geometric accuracy and chip geometry'. It 
will be discussed in more details while dealing with the theoretical aspects of tum-milhng 
in the chapter (2). 

Schulz and Kneisel [8], liave studied tum-milling with parallel axes as an 
alternative to precision- machmmg of hard materials by tunnng, especially for the 
machinmg of workpieces where certam linutations for turmng exist. It has been shown that 
the surface quahty of the workpieces is comparable to achieved by gnnding and 
improvement m tool-life has also been reported witli optimized cutting conditions. Again, it 
will also be discussed mto a greater depth m chapter (2). 

1.2 Objective and Scope of the Present Work 


Tum-rcullmg for the production of rotationally similar workpieces is a relatively 
new technology in which not much research has been done. The studies conducted are 
mainly for high speed tum-milling (cutting velocities exceeding 20000 m/min) for the 




precise machining utilizing modem tool materials. It was felt that the process should be 
experimentally studied at tlie normally available speeds and feeds using readily available 
cutting tools. The lack of substantial research work in this area was reaUy the motivation 
behmd undertaking this study. 

Tlie aim of the experimental work is to investigate the ionovative process of ’tum- 
rmlling’ m the generally available range of speeds and feeds with easily av^nlable cutting 
tools, so as to explore its advantages The emphasis is laid mainly on surface finish of the 
workpieces macluned by tura-milling. The experiments are confined to the range of cutter- 
speeds from 500 RPM to 2000 RPM and the range of axial-feeds from 8 mm/mm to 12.5 
ram/min Tlie surface finish achieved by tum-milling is compared with that achieved by 
turning using comparable parameters 

1.3 Organization of the Thesis 


The thesis lias been divided mto five chapters as : 

1. In chapter 2, the theoretical aspects of the X!)rthogonal Tum-MiUing ’ and the Co-axial 
Tum-Milliiig ’ are discussed to explain the concept of Tum-Millmg ’. 

2. In chapter 3, the experimental procedure is descnbed alongwith the brief description of 
the equipment required to conduct the experiments. The experiments were planned as 
per the standard design of experiments [9], to reduce the number of experiments and to 
improve the results. 

3. In chapter 4, results and discussion of the experiments on ’ Tum-Milling ’ as well as ’ 
Tu rning ’ are presented. The comparative study is made of the surface-finish achieved 
m orthogonal tum-milhng of brass and mild-steel workpieces. The surface-finish 
achieved in orthogonal tum- millin g and in turning are compared for brass and iruld- 
steel workpieces to show the advantages of the tum-milling. 


6 



4. Finally, in chapter 5, the general conclusions drawn after the analysis of the 
experimental work are presented. Some suggestions are given which could be helpful 
for carrying out research in the field of ’Txim-Milling 



Chapter 2 


Theoretical Aspects 


Turn-millmg may be defined as a millmg process in wliich both, the workpiece and 
the tool are given a rotary' movement [7], As shown m tlie Fig. 2.1, tuni-milling can be 
classified into 

a. Co-axial tum-millmg m %\liich the axes of tlie cutter and the workpiece are parallel to 
each other; 

b. Orthogonal tum-millmg m winch tlie axes of the cutter and the workpiece are 
perpendicular to each other. 



Fig. 2. 1 ; Arrangement of axes with high speed turn-milling 






2.1 Co-Axial Turn-Milliiig 


Co-axial txirn-millmg is suitable for internal as well as external machining of 
rotationaUy symmetrical workpieces. 

2.1.1 Characteristics of Turn-Milling with Parallel Axes [8] 

Tlie combination of a fast rotating milling cutter and a slow rotating workpiece 
results in several advantages' 

1. Short chips are produced due to process kinematics even in case of ductile matenals. 

2. Machining with optimized cutting speed is possible, both for large and unbalanced 
workpieces as well as for the workpieces with smaller diameters. 

3. Contrary to turning, there are only small oscillation frequencies m the linear axes 
because 

the rotational speed of the workpiece is relatively small 

4. Machining of hardened steel without any coolant is possible. 

2.1.2 Influence of cutting edge configuration (Radial Deviation) on Surface Quality 

Since the distance of the centre of the nulling cutter from a point on the cutting 
edge vanes, rotational speed varies along the length of the cutting edge. Therefore, 
irregularities m the structure of the machined surface occur. The exact, quantitative effect 
on the degeneration of surface quality can be descnbed by the following set of non-linear 
equations. (Eqn. 2 1 & Eqa 2 2). It can be numencally solved by means of the 
multidimensional Newtonian method. Figure 2 2 demonstrates this for a two-edged 
cutter. [8] 


0 



Fig. 2.2 : Formation of kinematic uneveness of a dual-edged cutter with radial 
deviation f8| 


/jcos^, -r^cQ$(pj = 0 (2.1) 

A0) - r^ sin<!l, -r^ sin^zl^ = 0 (2.2) 


where, 

rj ,r 2 = rotation radii of the cutting edges, 

- angular pitch between edges 1 & 2 (rad), 

/= feed per revolution (mni/rev.), 

ilp ■^= angles for an instantaneous relative position of the cutting edge and the workpiece 
(rad.) 

CO = angular velocity (rad/min.), 

Vf = feed rate (mm/min ) 

1 he surface unevenness, expressed as the average peak-to-valley height, Rz, can be 
calculated using the angle (J*!- f8] 


m 



= max(r, ,r^)-r^ cos^^ 


(23) 


Thus, a quantitative evaluation of the allowed radial deviation (rj and ra) is 
possible. Even a slight eccentricity undermines an improvement of the surface quality 
normally obtained using multiple cuttuig edges. The cutting edge with the largest radius 
determines the surface quality and a milling cutter for high surface qualities has cither 
only one cutting edge or has to be used at infeeds f similar to a single edged cutter. 

2.1.3 Achievable feed Rates 

Tlie restrictions mentioned above concerning the number of cutting edges as well 
as the realizable infeeds result in reactions to the efficiency of the process. If the goal is to 
have a technologically optimized cutting speed as well as a pre-determined surface quality, 
infeed and rotational speed of the cutter have to be adjusted so that these values are 
maintained. As shown in Fig. 2.3, the infeed travel per tool rotation along the contour, Le. 
the feed is dependent upon the diameter of the tool and the workpiece. 

The feed f can be calculated by means of the angle [8] 



Fig. 2.3 : Meshing conditions during peripheral milling of cuiw^ 


contours 




AMfUt 





where, 

d\v = workpiece diameter (mm), 
dj = tool diameter (mm) 


.(2.4) 

( 25 ) 


+(i/jy +2/?^ )^ +(t/lV 


Feed rate, vy(mm/mia), is calculated by implementmg cuttmg speed, Vc. 


V ^ = 


4 


f~^d^^c 


( 2 . 6 ) 


referrmg to Eqn. 2.6, Vf is e.xpected to be inversely proportional to the tool 
diameter, because the number of revolutions per minute of the cutter decreases with its 
mcreasing diameter. 


2.1.4 Number of Cutting Edges and Tool Diameter 

Tlie cuttmg is performed by all the cutting edges while the surface geometry is 
generated only by the cuttmg edge with the largest radius. Tlius, the tasks are separated, 
Le feed per revolution, f is responsible for the surface roughness and feed per tooth fz for 
tool wear 

The matchmg tool diameter can be calculated using Eqn. 2.4 and optnnum fz 
values for minimum tool wear as, [8] 


d, 


^ “w £iv 


(2.7) 



Given the diameters of the workpiece and the tool, the number of cutting edges 
should be chosen in such a way that the feed per revolution is optimal. 

2.1.5 Influence of Cutting Speed 

The workpiece is milled along a spiral where the width of contact is equal to the 
lead Up. Tlie teed path is equivalent to the length of this path curve, 4, and is calculated as. 



.( 2 . 8 ) 


where, 

4x = length of the workpiece 

If economic tool life travels are to be achieved, the cutting speed has to be chosen 
in a relatively narrow range 

2.1.6 Influence of Feed per Tooth on Tool Life Travel 

Higher feeds lead to higher mechamcal stresses on the cutting edge due to 
increased chip sections. 

2.1.7 Influence of Cutting Process on the Workpiece temperature 

High temperature m the transformation zone heats the chips up to their meltmg 
temperature. Workpiece and the tool however, remam relatively less heated. Hence, the 
thermal stram at the boundary layer of the workpiece remains relatively low. The short 
duration of heatmg up of the tool and the workpiece during the actual cutting process is 
followed by a long phase of cooling down and hence,the maximum temperature in case of 
tum-milling is less th an that in case of continuous cuttmg. Therefore, for turn-milling of 
very hard matenals, higher cutting speeds are allowed to be used in comparison to turning. 



2.2 Orthogonal Turn-Milling 


Orthogonal rum-milling can be used only for external machining of rotationally 

sunilar workpieces [7]. 

2.2.1 Characteristics of Orthogonal Machining 

Use of orthogonal tum-milling for mac hinin g results m following advantages: 

1. The reduction of cuttmg forces improves the dimensional and form accuracy, 
especially 

with thm walled workpieces. 

2 Several cutting edges are in contact with the workpiece at all times. This prevents 
vibrations and reduces tool wear. 

3. High surface quality is achieved at extremely large speed ratios and is comparable to 
that achieved by grinding or honing. 

4 The so called ventilation effect of the tool during the non-cutting period and the 
transfer of heat from the mac hinin g zone by the chips keep the workpiece temperature 
relatively low and therefore prevents workpiece deformations. 

5 Because of the mtermittent cutting, short chips are formed. So automatic chip disposal 
IS not a problem 

6 Because of low rotation of the workpiece, thin waUed workpieces rarely show the 
driftmg or deformations caused by centrifugal forces. 


2,2.2 Effect of Eccentricity 

Referring to Fig. 2.4, [7] 


A 
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Fig. 2.4 : Possible arraiigeiiients of workpiece and tool 

a. when tbp eccentricity e < d/2 -/ 

Tlie maximum feed rate can be increased up to the length of the projection of the 
minor cutting edge onto the workpiece, nevertheless, a disadvantage of this machining 
method is the formation of parabolic chamber of shafts which do not correspond to the 
angle between the major and the minor cutting edge. 

b. when, e = d/2-/ 

In this case, maximum feed rate can be realized, becau.se the length of the contact 
zone between the axle center of the workpiece and the minor cutting edge reaches its 
maximum. A cuttmg process free of vibrations is guaranteed, since there is always more 
than one cutting edge in contact with the workpiece. 


c. when 


e = d/2 



This reduces the possible rate to a minimum Below this eccentricity value, 
there is no possibility to reach the cylindrical surfaces. 

2.2.3 Chip Geometry 

Chip tlucknesses ranging from zero to a maximum are obtained depending upon 
the feed rate and the tool revolution. Tlie length of the chip depends on the ratio of 
rotational speed of the cutter to that of the workpiece. 

2.2.4 Geometrical accuracy 

The main question is how to avoid wavmess and non-circulanty of machined 
surfaces during intermittent cuts of the circular jobs. 

a Orthogonal lugh speed tura-milling may cause a facet formation on the cyhndrical 
surface because of the matenal left between two cuts usmg intermittent machining It 
may be helpful to use high ratio of rotational speed of the cutter to that of the 
workpiece. 

b. Wave formation in the longitudinal direction may be caused, this surface fault looks 
like thread-like waviness. Tliere are two different patterns of it. The first one is 
produced if the minor cutting edge is not in contact with the desired radius of the 
workpiece during its rotation. To minimize this, an angle of zero degrees between the 
longitudmal axis of the workpiece and ±e minor cutting edge must be observed. The 
second pattern arises when the feed rate is higher than the length of the minor cutting 
edge, projected onto the longitudinal axis of the workpiece. 

Therefore, the nght number of cuttmg edges, the optimal geometry of major and 
minor cutting edges, the relations of the two cutting speeds, the feed rates and the 
eccentricity have an influence on the geometrical accuracy 



Chapter 3 


Experimentation 

3.1 Equipment 

Tlie present work on ’ Orthogonal Turn-Milling ’ was carried out using the 
foUowmg equipment. 

1. A Vertical Milling Machine, 

2. An attachment for workpiece rotation, 

3. A surface- finish measurement device (SURTRONTC 10) , 

3.1.1 The Vertical Milling Machine 

The machine used for the experimentation is ‘H.M.T - FNIPV- Vertical Milling 
Machine.’ 

The vertical milling machine was selected because the basic requirement was to have the 
cutter and the workpiece axes perpendicular to each other. As the mi l l ing cutter was held 
witli its axis vertical, the workpiece was held between the centres on the machine-table 
with its axis horizontal The attachment for rotating the workpiece was rigidly clamped 
using T-slots on the machine table. The axial-auto-feed was provided to the workpiece by 



moving the machine table axially. The machine permitted to have the axial feed in left and 
right directions. 

Tlie machine had the following speed and feed characteristics : 

Cutter speeds available (RPM): 45, 63, 90, 125, 180, 250, 355, 500, 710, 1000, 1400, 

2000 

Axial auto-feeds available (mm/min.): 8, 9, 10, 11.2, 12.5 

3.1.2 The Attachment for Workpiece Rotation 

Tlie special attachment for workpiece rotation was required because the machine 
did not have the provision to rotate the workpiece. For this purpose, a three phase a.c. 
electrical motor was selected with the followmg charactenstics 
Make: REMI 
Speed. 25 RPM 
Power; 0.3 HP 

Electncal supply needed • 415 Volts ac. , 50 Hz, 3 Phase 

Tlie clampmg system fabricated for the motor served the following purposes. 

i) To mamtam the exact vertical distance of the live centre of the workpiece fi-ora the 
maclune-table. 

li) To fix the motor ngidly on the machine-table so as to minirnize the vibrations. 

3.1.3 The Surface-finish Measurement Device 

Tlie surface-finish measurement device used was ’ SURTRONIC 10 ’ which is a battery 
operated, hand held instrument used to measure surface texture. It provides a numerical 
assessment of the surface roughness of a surface by the R, method. 

Specifications of the ’ SURTRONIC 10 ’. 

1. Display : LCD type. Units- fim, p.in 
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2. Measuring Range : 0. 1 )im to 40 |im 

3. Traverse Length : 5 mm 

4. Traverse Speed : 2 mm/s 

5. Stylus ; Diamond, radius = 5 |J.m 

Method of Use: 

Before using, the instrument was calibrated against the standard located inside the 
carrymg case ot the instrument. The unit-selector switch was positioned for )im umt. The 
stylus-guard was removed from the stylus and the instrument was placed in an upright 
position on the surface ot the workpiece where the surface-finish was to be measured. As 
the start button on the top of the instrument was pressed, the stylus traversed a 5 mm 
length on the workpiece-surface. Tlie resulting measurement m terms of the Ra- value was 
displayed directly on the LCD screen. 


3.2 Selection of Milling-Cutter and the Workpiece 

3.2.1 Milling-Cutter 


Type 

Diameter 

(mm) 

No. of 

teeth 

Primaiy' 

clearance 

angle 

Positive 

radial rake 

angle 

Helix 

Angle 

Material 

Shank 

type 

End-MUl 

10 

4 

T 

8° 

15° 

HSS 


Table 3.1 : Specifications of milling cutter 


3.2.2 Workpiece 

The workpiece selected for the experiment^ion is as shown in Fig 3.1. The 
workpiece dimensions were decided so as to facilitate its clamping and the transmission of 
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rotary motion by means of a dog-carrier. The workpiece materials selected are brass and 
Mild-Steel. 




All dmicn.sions are in mm 
(scale 1:2) 

Fig 3. 1 • Workpieces used for turn-milling 
(a) mild steel (b) brass 

3.3 Plan of Experiments 

Tlie experiments were planned using statistical technique so that the useful results 
could be obtained by perfonning minimum number of experiments. 

The ’ Central Composite Rotatable Design ’ for two variables was selected. [9] It is 

explained in brief as follows : 


The general form of a quadratic polynomial is illustrated by the following 
equation. 

* * * 

.V.= ^ (3-1) 

/-I t»l Kj 


Here, x,u represents the level of the factor in the u'^ experiment. 


where, 

k = no. of vanables, 

Xiu , Xju = input vanables, 

bo, b,,, bu, b,j = regression constants, 
yu = output response at foe u"*^ observation 

The design for two vanables is as shown in Table 3.2. 


Sr. 

No 

Xo 

Xi 

X2 

“1^ 

X2- 

X,X2 

Y 

1 

1 

-1 

-1 

1 

1 

1 

Yi 

2 

1 

1 

-1 

inil 

1 

-1 

Ya 

3 

1 

-1 

1 

1 

1 

1 

Yj 

4 

1 

1 

1 

1 

1 

1 

Y4 

5 

1 

-1 414 

0 

2 

0 

0 

Y5 

6 

1 

1.414 

0 

2 

0 

0 

Yfi 

7 

1 

0 

-1 414 

0 

2 

0 

Y7 

8 

1 

0 ^ 

1.414 

0 

2 

0 

Ys 

9 

1 

0 

0 

0 

0 

0 

Ys 

10 

1 

0 

0 

0 

0 

0 

Yio 

11 

1 

0 

0 

0 

0 

0 

Yu 

12 

1 

0 

0 

0 

0 

0 

Yi2 

13 

1 

0 

0 

0 

0 

0 

Yi3 


Table 3.2 : Central composite rotatable design-for k - 2 
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Here Xo = 1 . 

Tlie columns headed Xo, Xi, X2, Xl^ X1X2 were completed. The two-way 
array with 6 columns and 13 rows comprised the X-matnx of the x-vanables. The 
corresponding values of the Y were placed to the right column. The actual Y- values for 
all the 13 experiments are given in Tables 4 1 and 4 2. For each column, the X- value was 
multiplied by the corresponding Y-value and the sum was calculated over the 13 rows. 
Tliese sums are denoted by (Oy), (ly), (2y) and so on. From these values, the regression 
coefficients were calculated directly using the equations given below [10]. 

=02(0y)-0.lXuy 
= (lly) + (22y) 
b, = 0.125(iy) 

b„ = 0.125(/iy) + 0 01875X{«v) - O.l(Oy) 
b,j =025(yy) 


In the present analysis of the experiments, the effects of two input variables viz. 
cutter-speed (RPM) and axial feed-rate (mm/nm) have been studied on the surface-finish 
(R,, value) of the workpiece. A preliminary step was to set up the relations between the 
coded x-scales and the origmai scales in which the levels were recorded. In design scale, 
the lowest and the Inghest values of x are -1.414 and 1.414 [10]. 

For the experimentation, the ranges of the cutter-speed and the axial feed-rate were 
based on the availablemachine capability as: 

Cutter speed Nt = 500 - 2000 RPM 
Axial feed rate f = 8 - 12.5 mm/min. 

X = -1.414 when Nt = 500 RPM , f = 8 nmi/niin. 

X = 1 414 when Nt = 2000 RPM , f = 12.5 mm/min. 


In general. 


X = a - 1 - b .(variable) [10] 
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a and b were chosen to satisfy the desired conditions at the ends of the scale as explained 
below. 

(1) Cutter-speed (RPM): 

X = a + b Nt 

when X = -1 414 , Nj = 500 RPM and -1.414 = a + b 500 

when X =1.414 ; Nj = 2000 RPM and 1.414 = a + b . 2000 
on solving these two equations simultaneously, we get, 

a=-2 356 

b= 1.885, hence, 

X = -2.356+ 1.885 . Nt (3 2) 

(2) Axial Feed- rate (mm/min.): 

X = a + b . f 

when X = -1.414 , f = 8 mm/mm. and -1.414 = a+ b . f 
when X =1.414 , f = 12.5 mm/mm. and 1.414 = a+ b f 
on solvmg these two equations simultaneously, we get, 
a = -6 44 

b = 0.628. hence, 
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X = -6.44 + 0.628. f. 


(3.3) 


From Eqns. 3.2 and 3.3, cutter speeds and axial feed rates corresponding to levels 
X = - I, 0, 1 were determined. The complete conversion is tabulated in Table 3.3. 


X 

Cutter speed Nt (RPM) 

Axial feed rate f (mm/irun) 

-1.414 

500 

8 

-1 

719 

8.66 

0 

1249 

10.25 

1 

1780 

11.85 

1.414 

2000 

12.5 


Table 3.3 : (Conversion table 


Since the exact intermediate cutter speeds and axial feed rates were not available, 
the expenments were conducted for then nearest available values as given in Tables 4. 1 
and 4.2. 

The expenments were conducted according to the ‘plan of experiments’ as per 
sequence given in Table 3.4. 


24 



Expt. No. 

Sr.No. as per design 

of expts. (Table 3.1) 

Cutter speed Nt 

(RPM) 

Axial feed rate f 

(mm/min) 

1 

7 

1000 

8 

2 

2 

1400 

9 

3 

1 

710 

9 

4 

5 

500 

10 

5 

6 

2000 

10 

6 

9 

1000 

10 

7 

10 

1000 

10 

8 

11 

1000 

10 

9 

12 

1000 

10 

10 

13 

1000 

10 

11 

3 

710 

11.2 

12 

4 

1400 

11.2 

13 

8 

1000 

12.5 


Table 3.4 • Plan of experiments 


3.4 Experimental Procedure 


Tlie aun of the experiments was to evaluate the surface finish of the machined 
surface of the workpieces machined by orthogonal tum-miUmg and to compare it with that 
m case of turning earned out under comparable cutting conditions. 

i) Constant Parameters • 

(a) Rotary Speed of the Workpiece = 25 RPM 

(b) Depth of Cut = 0. 3 mm 
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ii) Variable Parameters (as given in Tables 4. 1 and 4.2): 


(a) Rotary Speed of the Cutter (RPM): 500, 710, 1400, 2000 

(b) Axial Feed-rate of the Workpiece (mm/min.): 8, 9, 10, 11.2, 12.5 


The experimental set-up is schematically shown in Fig. 3.2. and the photograph of the 
experimental set-up is shown on page no. 28 

Tlie experiments were conducted as per plan of experiments described in 
section 3 3. For each experiment, the cuttmg parameters were first set as given in Tables 
4 1 and 4 2. Tlie machine was then started and the workpiece was machined by tum- 
milLmg. Tlie surface-finish of the workpiece was measured m terms of the R*- value after 
each experiment using the surface-finish measuring device (SURTRONIC 10) as 
descnbed m subsection 3.1 3. 


3.5 Experiments on Turning 


To test the feasibility of the tura-milling process m comparison to turning and to 
compare the effect of various cuttmg parameters on the surface finish m both of these 
processes, the experiments were conducted on a tunung lathe. Tlie brass and rmld-steel 
workpieces identical to those maclnned by tum-rrulling were machmed by turning under 
comparable cuttmg conditions. The surface finish achieved by tum-milling and tummg 
were then compared. 

i) Constant parameter 

Depth of cut = 0.3inm 

u) Variable parameters 

(a) Speed of the workpiece- Smce turning could not be carried out at the 
same speeds as in case of tum-milling, due to the restriction m 
available machine capability, lower range of speeds was selected, one 
speed being common in both the processes. 



Spindle 



Fig. 3.2 Experimental set-up for Orthogonal Turn-milling. 
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A photograph showmg the Experimeatal set-up for Orthogonal Tum-Milling 
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Speeds of the workpiece (RPM): 250, 320, 400, 500 
(b) Axial feed rate: since in the lathe machme, feeds are in mm/rev., the 
equivalent feed in nun/rev. in case of tum-milling was calculated. 


/ =~ 
■^e N 


f 


w 


N^Z 


(3.4) 


where, 

fg = equivalent feed (mm/rev.), 

/ = table feed (mm/mm.), 

= rotational speed of the workpiece (RPM), 

Nt = rotational speed of the milling cutter (RPM), 

Z = no of teeth on the mill ing cutter 

In the experiments on tum-milling, Z = 4. 

Range of cutter speeds Nr- 500-2000 RPM 
Speed of the workpiece Nw = 25 RPM 
Hence, for any value of Nt in the specified range. 

Hence 

f - f 
fe=-R^ 

Table 3.5 shows the actual table feeds used in tum- m i ll ing and corresponding 
equivalent feeds 
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/(mm/min.) 

fe (mm/rev.) 

8 

0.32 

9 

0 36 

10 

0.40 

11.2 

0.448 

12.5 

0.50 


Table 3.5 • Actual table feeds and equivalent feeds m turn-millmg 

Hence, in the experiments on turning, the following values of feeds were used. 

feed (mm/rev );0.3, 0.35, 0.40, 0.45 

Tlie experiments were conducted for all the combinations of workpiece speeds and 
feeds for both the workpiece matenals. After each experiment, surface finish of the 
machmed surface was measured as descnbed in subsection 3 1.3. Machming parameters as 
the mput variables and the surface fuiish as the output response are depicted in tables 4.3 
and 4.4. 

Tlie surface finish achieved in turning was then compared to that achieved m case 
of tum-millmg for botli the workpiece materials. The chip geometrv' of the chips produced 
m Miming and ortliogonal tum-miUing were also compared. 
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Chapter 4 


Results and Discussion 

In tins chapter, the effects of cutter speed and axial feed rate on the surface finish of 
the macluned workpiece in case of turoing and orthogonal tum-milling are discussed. 

Tlie discussion is based on the experimental observ'ations given in Tables 
4 1, 4.2, 4.3 and 4 4 The analysis has been earned out for orthogonal tum-milling of brass 
and mild steel workpieces. Tlie results of tum-milling and turning processes have been 
compared for both the workpiece matenals 

4.1 Orthogonal Turn- milling of Brass Workpiece 


Constant machining conditions used in orthogonal tum- millin g of brass workpiece 

(a) Rotational speed of the workpiece = 25 RPM 

(b) Depth of cut = 0.3 mm 

From tlie experimental results given in Table 4 1, the constants in the Eqn 3.1 are 
evaluated as per the procedure described in 3.3. 

Tlie following response surface equation is obtained for evaluating the surface 
rougliness, y^f (Ra value) m terms of the variables xi (cutter speed) and X 2 (axial feed rate). 
Here, Xi and .X 2 are used as coded level values which can be calculated from Eqns. 3.2 and 
3 3. 


= L692-0.278Xi + 0.369 Xj +007^-0007x2^-0099x1X2 (4.1) 


Using Eqn. 4. 1, parametric analysis has been carried out as discussed below. 
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Expt. No. 

Cutter speed Nj. 

(RPM) 

Axial feed rate,/ 

(mm/min) 

Measured Surface 

Roughness Ra-v-alue 

(/^m.) 

1 

1000 

8 

1.4 

2 , 

1400 

9 

1.3 

3 

710 

9 

1.5 

4 

500 

10 

2.4 

5 

2000 

10 

1 2 

6 

1000 

10 

1.6 

7 

1000 

10 

1.7 

8 

1000 

10 

1.6 

9 

1000 

10 

1.6 

10 

1000 

10 

1.7 

11 

710 

11.2 

2.3 

12 

1400 

[112 

2.0 

13 

iooo 

"12.5 

2.2 


Table 4 1. Experimental Results of Orthogonal Tura-millmg (Brass- Workpiece.) 


4.1.1 Effect of Cutter Speed on Surface Roughness 

Using Eqn.4. 1, Surface roughness, ysf. is calculated for ten random values of xi 
(cutter speed) within its range and for three different constant values of X 2 (axial feed rate). 

Figure 4 1 shows the vanation of surface roughness, R* with ±e cutter speed, Nj 
at three constant levels of axial feed rate, f. 






Sin racc roughness, R a ( M ) 



Cutter speed, (RPM) 

Fig. 4. 1 : Effect of cutter speed on surface roughness in 
orthogonal turn-milling (brass workpiece) 


It is observed that the surface rouglmess, R* decreases with increase in cutter 
speed, Nt Hence, surface finish of the maclimed workpiece improves with increase in 
cutter speed Funhermore, the surface rouglmess is found to increase with increase in axial 
feed rate, f. Tlie continuously falling trend of the curv'es indicates that the surface finish of 
the maclimed surface is expected to improve further with, the cutter speeds exceeding 2000 
RPM. 

Hence, it is better to use the cutter speeds as high as possible to improve 
the surface finish of the machined workpiece. 



Sui lace loiighiiess, |< , ( H in) 


4.1.2 Effect of Axial Feed Rate on Surface Roughness 

Usmg Eqn. 4 1. nv (surface roughness) is calculated for ten random values of x. 

(axial feed rate) wuhin its range and for three different constant values of of x, (cuuer 
speed) 

Figure 4.2 shows tlie vanation of surface roughness, R, with the axial feed rate, f 
at three constant levels of cutter speed, Ny 



Fig. 4.2 : Effect of axial feed rate on surface roughness in 
orthogonal tum-milling (brass workpiece) 


It IS obsepr^ed that the surface roughness, R* increases with increase in axial feed 
rate, f. Hence, surface finish of the machined workpiece deteriorates with increase in axial 
feed rate. Furthermore, the surface roughness is found to decrease with increase in cutter 
speed, Nt- The continuously falling trend of the cur\'es with decreasing feed rates 




indicates that tlie surface finish of the machined surface is expected to improve further 
with the lower values of axial feed rate. 

Hence, it is better to use the lower values of axial feed rate to improve the 
surface finish of the machined workpiece 

4.2 Orthogonal Turn-Milling of Mild-Steel Workpiece 

Constant maclunmg conditions used in orthogonal tum-millLng of mild-steel 
workpiece 

(a) Rotational speed of the workpiece = 25 RPM 

(b) Depth of cut = 0.3 mm 

From the experimental results given in table 4.2, the constants in the Eqn. 3. 1 are 
evaluated as per the procedure descnbed in 3.3. 

Tlie following response surface equation is obtained for evaluating the surface 
roughness, ysf, (R, value) in terms of the vanables xi (cutter speed) and xz (axial feed rate). 
Here, Xi and X 2 are used as coded level values which can be calculated from Eqns.3.2 and 
3.3. 

•= 2.343 - 0204xi + 0.699x^ - 0.0 Lti' + 0.415x/ - 0.069 (4.2) 


Usmg Eqn.4 2, paranoetric analysis has been earned out as discussed below. 



Expt. No. 

Cutter speed Nj. 

(RPM) 

Axial feed rate,/ 

(ram/min) 

Measured Surface 

Roughness R*-value 

(/tm.) 

1 

1000 

8 

2.4 

2 

1400 

9 

2.0 

3 

710 

9 

2.4 

4 

500 

10 

2.6 

5 

2000 

10 

1.9 

6 

1000 

10 

2.2 

7 

1000 

10 

2.3 

8 


10 

2.3 

9 

1000 

10 

2.2 

10 

1000 

10 

2.3 

11 

710 

11.2 

3.5 

12 

1400 

11.2 

3.3 

13 

1000 

12.5 

4.3 


Table 4.2; Expenmental Results of Orthogonal Tum-rnilling (Mild-steel Workpiece.) 


4.2.1 Effect of Cutter Speed on Surface Roughness 

Using Eqn. 4 2, Surface roughness, ysf, is calculated for ten random values 
of Xi (cutter speed) within its range and for three different constant values of X 2 (axial feed 
rate) 

Figure 4 3 shows the variation of surface roughness, Ra with the cutter speed at 
three constant levels of axial feed rate, f. 
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Surlacc roughness, Uu((ini) 



Fig. 4.3 ; Effect of cutler speed on surface roughness in 

orthogonal tum-milling (mild steel workpiece) 


Similar results are obtained as in case of brass, Le., tlie surface roughness, R. 
decreases with increase m cutter speed, Nt. Hence, surface finish of the machined 
workpiece improves with increase in cutter speed. Furthermore, the surface rouglmess is 
found to mcrease with increase in a.\ial feed rate, f. Tlie roughness of the machined surface 
of the mild-steel workpiece is found to be liigher than that of the brass workpiece for 
comparable combinations of cutter speed and axial feed rate. The continuously falling 
trend of the curves indicates that the surface finish of the machined surface is expected to 
impro^'e farther with the cutter speeds exceeding 2000 RPM. 

4.2.2 Effect of A.xial Feed Rate on Surface Roughness 

Using Eqn. 4.2, ysf (surface roughness) is calculated for ten random values of X 2 (axial 
feed rate) within its range and for three different constant values of Xi (cutter speed). 




Surface roughness, l^i (|J.in) 


Figure 4.4 shows the-yariation of surface roughness, R, with the axial feed rate, f at 
three constant levels of cutter speed. Nr- 



Fig. 4.4 : Effect of axial feed rate on surface roughness in 
orthogonal turn-milling (mild steel workpiece) 


Similar results are obtained as in case of brass, i.e. the surface roughness, R* 
increases with increase in axial feed rate, f. Hence, surface finish of the machined 
workpiece deteriorates with increase in axial feed rate. Furthermore, the surface roughness 
is found to decrease with increase in cutter speed, Nt- The roughness of the machined 
surface of the mild-steel workpiece is found to be higher than that of the brass workpiece 
for comparable combinations of cutter speed and axial feed rater The continuously falling 
trend of the curves with decreasing feed rates indicates that the surface finish of the 
machined surface is e.xperted to improve further with the lower values of axial feed rate. 
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of Brass Workpiece 


4.3.1. Effect of Workpiece Speed on Surface Roughness 


Tlie experimental results of turning of brass workpiece are given in Table 4.3. 


Expt No 

Workpiece speed 

(RPM) 

Axial feed rate 

/ (mm/rev.) 

Measured Surface 

Roughness Ra- 

value (//m.) 

1 

250 

0.30 

22.6 

2 

320 

030 

21.7 

3 

400 

0.30 

21.5 

4 

500 

0.30 

18.6 

5 

500 

0 35 

21.6 

6 

400 

035 

22.5 

7 

320 

0.35 

23.5 

8 

250 

0.35 

24.5 

9 

250 

0.40 

27.4 

10 

320 

0.40 

26.0 

11 

400 

040 

25.3 

12 

1 

500 

0.40 

23.6 

13 

500 

0.45 

29 8 

14 

400 

0.45 

30.7 

15 

320 

0.45 

31.3 

16 

250 

0.45 

31.7 


Table 4.3' Experimental results of Turning (Brass- workpiece) 


















Figure 4.5 shows the variation, of surface roughess, R 4 with the workpiece 
speed, N» at three constant levels of axial feed rate, f By comparing the curves in Fig. 4 . 1 
and tliose m Fig 4 5, it is observed that the surface finish aclueved by tum-millmg is 
higher than that achieved by turning For the speed of 500 RPM and the feed rates of 8 
mra'min (i.e. 0.3 mm/rev) and 10 mm/mm (i.e. 0.4 mm/rev) , experiments were conducted 
both for tum-milling as well as turning 



Fig. 4.5 ; Effect of workpiece speed on surface roughness 
in turning (brass workpiece) 


For these combinations of speed and feed, the surface rougliness, Ri value 
achieved by turning is found to be about 10 times that achieved by turn-milling. It is 
expected tbnt for any combination of speed and feed, the surface finish achieved by turn- 
milling will be higher than that achieved by turning. 




4.3.2 EfTect of Axial feed rate on Surface Roughness 


Figure 4 6 shows the variation of surface roughness, R, with the axial feed 
rate, f at three constant levels of workpiece speed, By compannc the curves m Fic. 
4 2 and those m Fig. 4.6, it is observed that the surface finish achieved by tum-millinc is 
higher than that aclueved by turning As e.xplamed in 4.3.1, the surface rouchness. Ra 
^•alue aclueved b\ tunung is found to be 10 tunes that aclueved by tum-nulling 





4.4 Comparison of Orthogonal Turn- Milling and Tur ning of 
Mild Steel Workpiece 


4.4.1. Effect of Workpiece Speed on Surface Roughness 

Tile expenmental results of Turning of nuld steel workpiece are given m 

Table 4.4. 


Expt. No. 

Workpiece speed 

(RPM) 

Axial feed rate 

/ (mm/rev.) 

Measured Surface 

Roughness Re- 

value ( /r m.) 

1 

250 

0.30 

24.3 

2 

320 

0.30 

23.4 

3 

400 

0.30 

22.6 

4 

500 

0.30 

21.3 

5 

500 

035 

23 4 

6 

400 

0.35 

25.4 

7 

320 

0.35 

26.1 

8 

250 

0.35 

26.3 

9 

250 

040 

30.6 

10 

320 

0.40 

30.4 

11 

400 

040 

29.9 

12 

500 

040 

29.2 

13 

500 

0.45 

32.7 

14 

400 

0.45 

33.0 

15 

320 

0.45 

34.6 

16 

250 

0.45 

37.1 


Table 4.4; Experimental Results of Tummg (Mild steel Workpiece.) 
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Figure 4.7 shows the variation of surface roughess, R* with the workpiece 
speed. Nw at three constant levels of axial feed rate, f By comparing the curves in Fig. 4.3 
and those in Fig. 4 7, it is obsen'ed that the surface finish achieved by turn-milling is 
nigher tlian that achieved by turning For the speed of 500 RPM and the feed rates of 8 
mm/min (i e 0 3 mm/rev) and 10 mm/min (i e. 0.4 mm/rev) , experiments w-ere conducted 
for rum-rmlling as well as turning For these combmations of speed and feed, the surface 
roughness, Ra value achieved by mming is found to be about 10 tunes that aclueved b> 
rrm-millmg. 



Fig. 4.7 : Effect of workpiece speed on surface roughnness 
in turning (mild steel workpiece) 


4.4.2 Effect of Axial feed rate on Surface Roughness 


Figine 4.8 shows the variation of surface roughness, R* with the axial feed 
rate, f at three constant values of workpiece speeds, N,. By comparing the curves in Fig. 






4.4 and those in Fig. 4.8, it is obsers'cd that the surface finish achieved by tum-milling is 
higher t h a n that achieved by turning. As explained in 4.4. 1, the surface roughness R, value 
achueved b>' tunnng is found to be 10 times that achieved by tum-milling. 



Axial feed rate, f (mm/rev) 


fig. 4.8 : Effect of axial feed rate on surface roughness 
in turning (mild steel workpiece) 


4.5 Comparison of the chips produced in Orthogonal Turn- Milling and Turning. 

Very small chips w'ere produced in the experiments of orthogonal tum-milling as 
compared to the relatively longer chips produced in the experiments of turning in case of 
mild-steel workpiece. The chip length obtained ui turning is found to be approximately 
six times that obtained in orthogonal tum-milling. Hence, disposal of chips is very easy in 
orthogonal tum-milling, whereas chip disposal is a problem in turning for the rruld steel 
workpiece. 




However, the difference in cliip lengths obtained in turning and orthogonal turn-milling of 
brass workpiece is found to be negligible because brass is more brittle than mild-steel 
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Chapter 5 


Conclusions and Scope for Future Work 

5.1 Conclusions 


1. In case of orthogonal turn-milling, the surface finish of the machiaed surface improves 
with increase in rotational speed of the cutter and detenorates with increase in axial feed 
rate. Hence, orthogonal tum-milling should be earned out at high cutter speeds and low 
axial feed rates to achieve high surface finish of the machined surface. 

2. Even by utilizing relatively low speeds comparable to those used m. turning, a very high 
surface finish of machmed surface can be achieved by orthogonal tum-milling for the 
machining of rotationally symmetneal workpieces. In case of orthogonal tum-milling, Ra 
value of the surface roughness achieved is about 10 times lower than that achieved in case 
of turning. 

3 In case of orthogonal tum-miUing, very small chips are produced contrary to the 
relatively longer chips produced in case of turning of iruld steel Hence, chip disposal is 
not a problem when relatively ductile matenals like mild steel are machined by 
orthogonal tum-millmg However, the difference in chip lengths obtained in orthogonal 
mra-milling and m turning is negligible in case of relatively brittle matenals like brass. 

4 Orthogonal tum-millmg can be an alternative to turning for the mac hinin g of large and 
heavy workpieces where relatively low rotational speeds of the workpieces have to be 


used. 



5.2 Scope for Future Work 


1. In case of orthogonal tum-millmg, measurement of cuttmg forces needs to be earned 
out utilizmg a dynamometer This will be helpful in understanding the mechanics of the 
process. 

2. Tlie process of orthogonal tum-milling should be analyzed for the measurement of 
material removal rate as well as tool wear 

3 Co-axial tum-milling process is still an open field for research. Co-axial turn-nulling 
can be studied for various parameters such as surface finish, cutting forces and tool wear. 
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